Purpose: Angiotensin II, which plays a crucial role in the myocardial remodeling process of heart failure, is generated via the angiotensin-converting enzyme and chymase pathways. We studied angiotensin-converting enzyme and chymase-1 polymorphisms in patients with systolic heart failure and the correlation with clinical status and left ventricular function. Methods: We genotyped 195 patients with heart failure and systolic left ventricular dysfunction (ejection fraction Ͻ40%) for angiotensin-converting enzyme insertion (I)/deletion (D) and chymase-1 (Ϫ1903G/A) polymorphisms. Heart failure etiology and patients' clinical manifestations were analyzed in relation to genotype subtypes. Results: The chymase-1 Ϫ1903 GG genotype was associated with a nonischemic heart failure etiology ( 2 ϭ 6.67, P ϭ 0.009). In the group of heart failure patients, the odds ratio of chymase-1 GG genotype having a nonischemic etiology was 2.48 (95% CI 1.23-5.00). The chymase-1 GG genotype was associated with lower ejection fraction (P ϭ 0.005). Conversely, the angiotensin-converting enzyme D allele had no detectable impact on systolic heart failure phenotype. Conclusions: In patients with chronic systolic heart failure, the chymase-1 polymorphism was related to nonischemic etiology of heart failure. Patients homozygous for the G allele had a significantly greater reduction in systolic left ventricular function. Genet Med 2008:10(8):593-598.
The renin-angiotensin-aldosterone system (RAAS) plays a major role in the pathogenesis of heart failure (HF), including myocardial remodeling, 1 regulation of blood pressure, and vascular smooth muscle growth and proliferation. 2 In the human heart, angiotensin II is produced from angiotensin I by angiotensin-converting enzyme (ACE) and the heart chymase (CMA) pathways. Human heart chymase is a chymotrypsinlike serine protease that is the most catalytically efficient enzyme described, thus far, for the cleavage of angiotensin I to angiotensin II. 3 Angiotensin II is primarily (80%) generated via the chymase pathway. 4 Heart chymase has been implicated in the process of acute inflammation, 5 apoptosis of cardiac myocytes, proliferation of fibroblasts 6 and tissue remodeling. [7] [8] [9] There is growing evidence of a genetic contribution to the pathophysiology of HF. 10 To assess the importance of ACE and chymase pathways on the development and phenotypic expression of cardiomyopathy and HF disease; we studied two candidate polymorphisms in the genes encoding these two enzymes. A functional polymorphism of the human ACE gene (GenBank accession no. AF118569) was described in which the presence (insertion: I allele), rather than the absence (deletion: D allele), of a 287-bp Alu repeat element in intron 16 (rs4646994) is associated with lower enzyme activity. 11, 12 In a review of the literature, Bleumink et al. 13 recognized the debatable data in the literature regarding the significance of ACE I/D polymorphism in heart failure. In several different ethnic groups, whites, Chinese, black South Africans, and Japanese, there was no association with either ischemic or nonischemic cardiomyopathy. 13 On the contrary, a very few studies did suggest an association between the DD genotype and transplantfree survival rates. Interestingly this poor outcome associated with the genetic polymorphism was blunted with beta blocker treatment. 14 The adverse impact of the DD genotype was also demonstrated in a Swedish population study, but only in concert with several other polymorphisms and not by itself. 15 The second polymorphism which we studied is involved in the same enzymatic step of Angiotensin I conversion to Angiotensin II. The localization of this novel single nucleotide polymorphism (SNP) (G/A transition at position Ϫ1903 of the 5Ј untranscribed region of the gene, rs1800875) close to the regulatory region of the CMA1 gene (GenBank accession no. M64269) makes it a plausible candidate for HF clinical syndrome. However, there is an impressive shortage of data in the literature regarding the impact of this specific polymorphism on systolic HF. On the basis of the premise that ACE I/D and CMA1 (Ϫ1903G/A) may affect RAAS activity, we hypothesized that these polymorphisms may have clinical importance in patients with chronic systolic HF. We evaluated these two polymorphisms of the ACE/CMA1 genes for their prevalence among chronic systolic HF patients compared with healthy controls and their relation to the etiology (ischemic/nonischemic) of HF. We also examined the association of these gene polymorphisms with the clinical manifestations of our HF patients.
MATERIALS AND METHODS

Study population
We used a case-control design to study 195 consecutive HF patients followed in our specialized HF center and 200 population control subjects. Controls [165 (82.5%) males and 35 (17.5%) females, age 26 Ϯ 4 years] were all healthy individuals who had no history of or treatment for coronary artery disease, diabetes mellitus, hypertension, or hypercholesterolemia. The study and control groups were all Israeli residents with an equivalent ratio of non-Ashkenazi and Ashkenazi descent (2:1). The HF patients had symptomatic systolic HF (echocardiographic left ventricular [LV] ejection fraction Ͻ40%) for at least 3 months before recruitment. Etiology of HF was classified as ischemic or nonischemic, based on a history or not of myocardial infarction and/or coronary angiography, which were in keeping with the findings of reduced LV systolic function. Clinical and laboratory data were recorded and blood samples were obtained for genotypic analysis. Patients were followed over a period of 30 months, or up to an end point of death. The study was approved by the Institution Review Board (Helsinki committee) of the Lady Davis Carmel Medical Center, and all patients gave written informed consent before inclusion in the study.
Genotyping for ACE and CMA1 polymorphisms
Genomic DNA was extracted from peripheral blood leukocytes using a standard protocol. 16 Genotyping of the ACE I/D polymorphism was performed using polymerase chain reaction (PCR) according to the method of Lindpaintner et al. 17 Genotyping for the CMA1 1903G/A polymorphism was conducted using the polymerase chain reaction-restriction fragment length polymorphism approach, as described by Pfeufer et al. 18 PCR fragments were amplified from ϳ20 ng of each DNA sample used as a template in 20 L PCRs containing 0.2 U Taq polymerase, 1ϫ concentration PCR buffer, 0.2 mmol/L of each dNTP, and 10 pmol of each of the following primers:
GGAAATGTGAGCAGATAGTGCAGT (CMA1-sense) and AATCCGGAGCTGGAGAACTCTTGTC (CMA1-antisense), and GCCCTGCAGGTGTCTGCAGCATGT (ACE-sense) and GGATGGCTCTCCCCGCCTTGTCTC (ACE-antisense). The initial denaturation at 95°C for 5 minutes was followed by 35 cycles of 94°C for 30 seconds, 56 -58°C annealing for 30 seconds, and 65°C elongation for 45 seconds. ACE I/D genotypes were designated as follows: I/I, a single band of 597-bp; D/I, two bands of 319-and 597-bp; and D/D, a single band of 319-bp. Because the D allele in heterozygous samples is preferentially amplified, there is a tendency to misclassify the ACE I/D genotype as the D/D genotype. To avoid this misclassification, a second PCR was performed using I-specific primers: TGG-GACCACAGCGCCCGCCACTAC (I-specific -sense) and TC-GCCAGCCCTCCCATGCCCATAA (I-specific -antisense). This PCR yields a 335-bp fragment only in the presence of the I allele, and no product in a sample homozygous for the D allele. The CMA1 PCR fragments (285-bp length) were digested with 10 U of restriction endonuclease Bst XI in the supplied buffer (New England Biolabs, MA) for 2 hours at 55°C. The Ϫ1903A allele lacks a Bst XI site present in the Ϫ1903G allele, so Ϫ1903A alleles are detected as uncut fragments of 285-bp whereas the Ϫ1903G alleles are detected as Bst XI fragments of 195 and 90-bp. Genotyping was performed by experienced staff. PCR scores by two independent investigators who were blind to subject data, correlated well (R2 ϭ 0.991).
Data analysis
The SPSS statistical package version 13.0 was used for statistical evaluation (SPSS Inc., Chicago, IL). A 2 test was used to confirm that observed genotype frequencies were in HardyWeinberg equilibrium and to compare the genotype frequencies between patients and controls. Genotype subtypes comparisons were made by analysis of variance and the Kruskal-Wallis test (asymmetrical data distribution). Continuous variables were compared by genotypes group by linear analysis of variance. Stepwise multiple linear regression analysis was used to evaluate whether the number of ACE and CMA1 alleles carried by each patient had statistical influence on clinical and laboratory parameters. Asymmetrically distributed variables were log transformed before regression analysis. Continuous data are presented as mean Ϯ SD. Square multiple correlation coefficients (R 2 ) were calculated. To adjust for multiple comparisons, P values were considered significant if Ͻ0.01.
RESULTS
The clinical characteristics of the patients are summarized in Table 1 . They were aged 64 Ϯ 13 years, 162 (83%) were males. The etiology of HF was ischemic heart disease in 124 (64%) patients, 105 (54%) gave a history of or were treated for hypertension, 77 (39%) for diabetes mellitus. Atrial fibrillation was present in 63 (32%) patients and the mean QRS on the surface electrocardiogram was 137 Ϯ 45.5 milliseconds. Mean echocardiographic LV end-diastolic dimension was 6.2 Ϯ 0.8 cm and ejection fraction (EF) 24 Ϯ 6.5%. Treatment included ACE inhibitor and/or angiotensin II receptor blockers in 181 (93%) patients, direct aldosterone antagonists in 56 (29%) patients, and beta blockers in 167 (87%) patients. Patients were all considerably disabled and 105 (54%) were in Functional Class 3 or 4 (New York Heart Association, NYHA). Over the course of follow-up, there were 17 (9%) deaths, 9 due to HF and 2 due to fatal arrhythmia.
The data on allele and genotype frequencies in patients and controls are shown in Table 2 . For both ACE I/D and CMA1 Ϫ1903G/A polymorphisms, there was no deviation from Hardy-Weinberg equilibrium in either the HF patients group (all) (allele frequency ACE I/D ϭ 0.38/0.62, expected genotype frequencies % II/ID/DD ϭ 14%/47%/39%, 2 ϭ 0.60, P ϭ 0.74; allele frequency CMA1 A/G ϭ 0.53/0.47, expected genotype frequencies % AA/AG/GG ϭ 28%/50%/22%, 2 ϭ 0.25, P ϭ 0.87), the ischemic HF patients group (allele frequency ACE I/D ϭ 0.36/0.64, expected genotype frequencies % II/ID/DD ϭ 13%/46%/41%, 2 ϭ 0.20, P ϭ 0.90; allele frequency CMA1 A/G ϭ 0.57/0.43, expected genotype frequencies % AA/AG/ GG ϭ 32.5%/49%/18.5%, 2 ϭ 1.08, P ϭ 0.58), the nonischemic HF patients group (allele frequency ACE I/D ϭ 0.42/0.58, expected genotype frequencies % II/ID/DD ϭ 17%/49%/34%, 2 ϭ 0.47, P ϭ 0.78; Allele frequency CMA1 A/G ϭ 0.46/0.54, expected genotype frequencies % AA/AG/GG ϭ 21%/50%/ 29%, 2 ϭ 0.11, P ϭ 0.94), or the control group (allele frequency ACE I/D ϭ 0.33/0.67, expected genotype frequencies % II/ID/DD ϭ 11%/44%/45%, 2 ϭ 0.38, P ϭ 0.82; Allele frequency CMA1 A/G ϭ 0.48/0.52, expected genotype frequen- cies % AA/AG/GG ϭ 23%/50%/27%, 2 ϭ 1.45, P ϭ 0.48). The subjects' age, gender distribution, and Ashkenazi/nonAshkenazi ancestry did not differ by either ACE I/D or CMA1 Ϫ1903G/A genotypes. For both ACE I/D and CMA1 Ϫ1903G/A polymorphisms, frequencies from dbSNP, using data for mixed European or white populations, show similarities to our data. Allele (and genotype) frequencies of the whole cohort of HF patients were similar to that among healthy controls (Table 2) . However, CMA1 Ϫ1903G/A allele and genotype frequencies of the nonischemic patients differed significantly from those of ischemic patients (Table 2) . Moreover, comparison of HF etiology by CMA1 genotype revealed that the CMA1 Ϫ1903GG genotype was associated with nonischemic HF etiology (Fig. 1, Tables 2 and 3 , 2 ϭ 6.67, P ϭ 0.009). The odds ratio for the CMA1 GG genotype in nonischemic patients was 2.48 (95% CI 1.23-5.00). Importantly, ACE I/D polymorphism was not associated with HF etiology in our patients.
To determine genotype-phenotype correlations, we compared patients' clinical characteristics between genotype subtypes of each polymorphism. Compared with the AA and AG genotype subgroup, homozygous CMA1 GG patients had lower values of left ventricular ejection fraction (P ϭ 0.005) ( Table 3) . Multivariate stepwise linear regression, adjusted for age, previous myocardial infarction, NYHA class, echocardiographic LV dimension and QRS duration on the surface electrocardiogram, showed that CMA1 GG genotype (after echocardiographic LV dimension) was the most powerful independent predictor of reduced systolic function (adjusted odds ratio 32.6, 95% CI 11.9 -89.3, P ϭ 0.0007). The ACE D allele was not associated with the phenotypic expression of HF in our patients. It should be noted that no difference was found in clinical disability (NYHA class) and mortality in regard to either CMA1 or ACE gene polymorphism.
DISCUSSION
The study showed that in patients with chronic systolic HF, the CMA1 Ϫ1903G/A polymorphism, and in particular homozygosity for the G allele, was more frequent in patients with a nonischemic etiology of HF and was associated with a greater reduction in LV ejection fraction. The overall frequency of the GG genotype in HF patients was similar to that in the general population, implying then, not necessarily a causal relation, but presumably a differing adaptation to myocardial damage.
The association between CMA1 gene polymorphisms and heart disease, studied mainly in patients with hypertrophic cardiomyopathy 18 -20 has not been clear. To our knowledge, the present study is the first which demonstrates an association between CMA1 Ϫ1903G/A polymorphism and LV systolic dysfunction. Proposed mechanisms include the possibility that the polymorphism, which is located in promoter of the CMA1 gene, alters protein expression, or if not functional, may be in linkage disequilibrium with other causative alleles. 13 Effects of CMA1 polymorphism may be mediated through an acceleration of the remodeling process in patients with HF, and mainly in patients with nonischemic cardiomyopathy. Chymase is produced from mast cells and is not inhibited by angiotensinconverting enzyme inhibitors. 21 In HF patients, mast cells increase in number in the failing myocardium, 22 and may be implicated in ventricular dilatation and cardiac decompensation. 23 These changes may be attributed to local angiotensin II activity, which induces hypertrophy of cardiac myocytes and myocardial fibrosis and therefore is the most important remodeling factor in the heart. 24, 25 Chymase may be responsible for the vast majority of production of local angiotensin II in the myocardium. 4 In addition to the effects associated with direct angiotensin II production, chymase is associated with apoptosis; TGF-␤ mediated fibrosis, 26 collagen formation 27 and fibroblast differentiation to myofibroblasts. 6, 23, 28 Moreover, mast cell chymase produced in the myocardium can directly induce acute inflammation and affect tissue remodeling through activation of matrix metalloproteinases 8 and IL-1␤ precursors, 7 and stimulation of IL-8 release resulting in recruitment of granulocytes. 9 All of these are important features of the cardiac remodeling process, which may explain our finding of lower LV ejection fraction in patients with the CMA1 GG genotype. Of note, as per inclusion criteria, all our study patients had systolic heart failure (EF Ͻ40%), with a mean LVEF of 24 Ϯ 6.5%. Thus, the absolute EF difference of four points in the CMA1 GG subgroup (25% vs. 21%), actually reflects a 16% change when compared with the mean EF and is therefore statistically very significant (P ϭ 0.005). It is less clear why CMA1 polymorphism is associated with cardiomyopathy of nonischemic etiology. It may be related to the long-term impact of the remodeling process in systolic HF. In patients with ischemic etiology, it is not uncommon that HF symptoms start after initial extensive myocardial damage, although the remodeling process contributes little to the progression of HF. On the other hand, in nonischemic cardiomyopathy, the remodeling process may have greater importance and be linked more closely to the inflammatory process. In an animal model of viral myocarditis, there was an increased density of myocardial mast cells with a simultaneous up-regulation in gene expression of inflammatory cytokines and mouse mast cell protease-5 (which is the counterpart of the human chymase), 5 indicating that mast cell chymase both mediates and accelerates inflammatory pathways and is a crucial player in the remodeling process. Moreover, the myocardial remodeling phenomenon in HF progression may be the end point of several pathways, only some of which are mediated through cardiac angiotensin II formation. In nonischemic cardiomyopathy, the chymase-dependent remodeling process may be predominant, causing the observed reduced systolic function in our CMA1 GG patients.
We found our population frequency of the CMA1 Ϫ1903G/A genotype to be 53% and 47% for A and G alleles, respectively. This allele distribution showed a similarity to the respective frequencies reported in dbSNP using a white group (58% and 42% for the A and G alleles, respectively). Considerable interethnic variation in the frequencies of this polymorphism has been demonstrated, with the Ϫ1903G allele being rarer in white populations compared with Afro-American, Chinese, and Japanese groups (18 -20% and 80 -82% for the A and G alleles, respectively, dbSNP), which is consistent with our findings.
We did not find a clinical association with the ACE I/D genotype in our HF patients. Although an association between ACE I/D polymorphism and cardiomyopathy was reported, 29, 30 other studies did not confirm such a relationship and in those which did the study cohorts deviated from the Hardy-Weinberg equilibrium. 13, 31 Some authors suggested that although there was no causative relation between the ACE I/D polymorphism and cardiomyopathy, HF patients with the ACE DD genotype have poor outcome and increased mortality. 14 We, as others, 32 did not find such a correlation. Most of our patients were treated with pharmacotherapy involving modulation of the RAAS, including beta blocker, ACE inhibitor, and/or angiotensin II receptor blockers. More than a quarter were treated in addition with direct aldosterone antagonists. The clinical impact of the ACE I/D polymorphism may have been attenuated by these treatments, as demonstrated previously. 14, 33 Another explanation may be that ACE I/D genotype acts only in concert with other polymorphisms as a synergistic genetic polymorphism in order for its prognostic implications to become evident. 15 Polymorphism in the chymase gene, less blunted by medical therapy, did have clinical implications and a lower LV ejection fraction in our patients.
Limitations
Several potential limitations need to be considered when interpreting the present findings. First, given that our patients were treated aggressively with anti-RAAS therapy, possible clinical implications of chymase and ACE genotypes might potentially be masked. Secondly, because the current study was not designed to explore a functional mechanism, our findings do not necessarily imply a causal relation, but presumably, a confounding effect, and further studies are needed to determine the importance of our findings in a larger sample of patients with dilated nonischemic cardiomyopathy.
Clinical implications
CMA1 promoter polymorphism was associated with patients (particularly with nonischemic etiology for HF) who had greater reduction in measured systolic LV function. In contrast, ACE I/D polymorphism had no relation to the level of cardiac function. Although we report a single center experience with relatively small patient numbers, the findings were fairly robust by statistical analysis. The findings may explain differences in response to therapies aimed at modulation of the RAAS in patients with apparently similar HF profiles and treatments.
